ABSTRACT: We employed quasielastic and static light scattering to measure apparent values of the mean hydrodynamic radii (R h ) app , molecular weights (M app ), and radii of gyration (R g ) app in solutions containing mixed micelles composed of bile salts (cholate and taurochenodeoxycholate, both cholanoyl derivatives) and the glycoacyl chain detergent, octyl glucoside, with egg yolk phosphatidylcholine (EYPC) as functions of total lipid concentration (0.1-10 g/dL), EYPC/detergent molar ratio (0-1.2), and ionic strength (0.15-0.4 M NaCl) at 20°C and 1 atm. As the mixed micellar phase boundaries were approached by dilution, (R h ) app , M app , and (R g ) app values increased markedly by up to 20-fold. For each micellar system, the scaling ratios (R h ) app /M app 1/2 and (R g ) app /(R h ) app remained essentially constant at 0.018 nm/(g/mol) 1/2 and 1.5 (dimensionless), respectively, despite large variations in total lipid concentration, detergent molecular species, and ionic strength. Refined data analysis is inconsistent with a flat "mixed-disc" model for bile salt-EYPC micelles [Mazer, N. A., Benedek, G. B., and Carey, M. C. (1980) Biochemistry 19, 601] and octyl glucoside-EYPC micelles principally because the numerical value of (R h ) app /M app 1/2 corresponds to a hypothetical disk thickness of ∼1 nm, which is 4-fold smaller than the bimolecular width of EYPC molecules, and for a disk, (R g ) app /(R h ) app ratios should be close to 1 at low total lipid concentrations. Assuming disc-shaped micelles, we show that intermicellar excluded volume interactions would have only a minor effect on M app and cannot account for the unrealistic disk thickness. Instead, locally cylindrical, semiflexible wormlike micelles of diameter d ) 4 nm and persistence length p ) 17 nm in solution are compatible with the observed (R h ) app /M app 1/2 and (R g ) app /(R h ) app values when intermicellar excluded-volume interactions are considered. With EYPC/taurochenodeoxycholate ) 0.6 and EYPC/cholate ) 1.0 in 0.15 M NaCl, independent micelles grow upon dilution and use of the second virial coefficient [Egelhaaf, S. U., and Schurtenberger, P. (1994) J. Phys. Chem. 98, 8560] is adequate for estimating micellar weights. The systems EYPC/cholate ) 1.0 in 0.4 M NaCl, EYPC/cholate ) 1.2 in 0.15 M NaCl, and EYPC/octyl glucoside ) 0.13 in 0.15 M NaCl all form highly overlapping, semidilute polymer solutions, which mimic the observed scaling ratios. In such semidilute systems, use of the second virial coefficient alone to account for intermicellar interactions is inadequate for estimating micellar weights. The results of the present study, in combination with locations of known phase boundaries of the ternary bile salt-EYPCwater phase diagram at high dilution, suggest that elongation, as well as entanglement of wormlike mixed micelles may occur at concentrations approaching the micellar phase limit.
PC molecules are extremely low, approximating 10 -10 M (5). However, in the presence of physiological concentrations of common bile salts (BS), which are the alkali salts of hydroxyl-substituted cholanoic acids, or straight-chain analogues of crustacean bile salts such as octyl glucoside (OG), a nonionic detergent, substantial concentrations (up to ∼100 mM in the case of bile salts) of long-chain PC may be solubilized as mixed micelles (1) (2) (3) 6) . The macroscopic interactions between these very dissimilar soluble amphiphiles (BS and OG) and insoluble swelling (PC) amphiphiles are governed by total and relative concentrations of the lipids in water at fixed temperature and pressure, and are embodied in detergent-PC-water phase diagrams (1) (2) (3) 6) . Because monomeric solubilities of these detergents and long-chain PC differ by at least 6 orders of magnitude, dilution of mixed micellar solutions within their respective micellar zones increases the relative PC content and decreases the relative detergent content of the micellar particles, resulting in an altered lipid ratio that leads to mixed micellar growth (1, 6, 7) . This occurs because detergent molecules migrate from mixed micelles to the water component to replenish the intermicellar detergent concentration, a process that was first followed noninvasively by quasielastic light scattering spectroscopy (QLS) (7) .
On the basis of earlier QLS studies, Mazer et al. (7) proposed a mixed disk model for the bile salt-long-chain PC micelles of bile. This model was a minor modification of the simple disk model proposed by Small (8) and Dervichian (9) for bile salt-EYPC mixed micelles. These authors postulated the disk structure on the basis of X-ray diffraction analysis of bile salt-EYPC liquid crystalline phases (8) as well as from examination of the hydrophilichydrophobic balance of the molecules (9). Mazer et al. (7) found that the mixed disk model predicted the mixed micellar growth observed in model bile systems by QLS when this was achieved either by dilution or by varying the EYPC/ bile salt ratio at constant concentration. However, more recent studies employing small-angle neutron scattering (10, 11) , high-performance liquid chromatography (12) , cryotransmission electron microscopy (13) , and light scattering (14) have questioned growth of bile salt-PC mixed micelles via the mixed disk model and have shown that they may form locally cylindrical rodlike particles. In addition, octyl glucoside-PC mixed micelles appear to grow with similar morphology (3) despite the strikingly different molecular structures of octyl glucoside and common bile salts (15) .
To elucidate the sizes, shapes, and possible molecular structure(s) of bile salt-and octyl glucoside-EYPC mixed micelles, we reinvestigated these systems employing both QLS and static light scattering techniques (16) (17) (18) (19) . 2 Apparent molecular weights 3 (M app ), radii of gyration (R g ) app , and mean hydrodynamic radii (R h ) app of mixed micelles were determined as functions of total lipid concentration. These data extend our earlier determinations of mixed micellar R h sizes and relative scattered light intensity values of analogous bile salt-EYPC systems (7) . Moreover, the present data analysis incorporates the effect of intermicellar interactions on M app to the level of the second virial coefficient and allows us to exclude a dilute solution of mixed-disk structures. We demonstrate that the data are instead consistent with a "locally cylindrical" model of mixed micelles which grow as flexible, wormlike objects. The earlier R h values of Mazer et al. (7) are shown to be entirely consistent with this alternative model. The wormlike structure provides a basis for understanding phase transitions from mixed micelles to a hexagonal (H I ) liquid crystalline phase that occur upon dilution of EYPC-bile salt mixed micellar solutions, which is then followed by a separation of unilamellar vesicles (1, 6) . This series of phase transitions is of fundamental relevance to the structure of bile, since it is essentially reversed during bile formation (20, 21) .
EXPERIMENTAL PROCEDURES
Materials. Sodium salts of cholate (3R,7R,12R-trihydroxy-5 -cholanoate), and taurochenodeoxycholate, the taurine conjugate of 3R,7R-dihydroxy-5 -cholanoate (Calbiochem, San Diego, CA) were purified to 98% and each gave a single spot on thin-layer chromatography following a 200 µg sample application. Highest (Ultrol) grade octyl glucoside (octyl -D-glucopyranoside) was obtained from Calbiochem and used without further purification. Grade I EYPC (Lipid Products, South Nutfield, Surrey, U.K.) was >99% pure (22) by high-performance liquid chromatography (HPLC) and thin-layer chromatography (200 µg sample application). All other chemicals and solvents were ACS-or reagent-grade purity (Fisher Scientific, Medford, MA). NaCl was roasted at 600°C for 4 h to oxidize and remove organic impurities. Pyrex-brand glassware was alkali-washed for 24 h (EtOH-2M KOH, 1:1, v:v) followed by 24 h acid washing (1M HNO 3 ) and rinsed thoroughly with purified water. Water was filtered, ion exchanged, glass distilled (Corning Glass Works, Corning, NY) and further purified using a MilliQ water system (Millipore, Bedford, MA).
Mixed Micellar Solutions. Following coprecipitation from stock solutions in CHCl 3 /MeOH (1:1, v:v), dried detergent-EYPC films were dissolved in aqueous solution (0.15-0.40 M NaCl, pH ∼7, or in the case of cholate, 0.01 M NaHCO 3 / Na 2 CO 3 plus 0.14 M NaCl at pH 9.0) that included 3.0 mM NaN 3 as an antimicrobial agent (23) to achieve the desired total lipid concentration. In all bile salt systems, the pH values ensured complete bile salt ionization (24) . Prior to light scattering experiments, mixed micellar solutions were equilibrated for 24 h at 20°C under an atmosphere of argon and then centrifuged in a model L preparative ultracentrifuge (Beckman, Fullerton, CA) for 1-3 h at 10000g to sediment dust.
Laser Light Scattering Spectroscopy. Quasielastic and static light scattering spectroscopy utilize temporal and spatial variations in intensity of scattered laser light for physicalchemical analysis of particles in solution. By appropriate analysis one can determine sizes, polydispersities, molecular weights, and shapes of macromolecules with considerable precision. Because comprehensive reviews of laser light scattering theory and applications are available (25) (26) (27) , we summarize herein only experimental and theoretical details pertinent to the present investigation.
Instrumentation. We employed a laser light scattering spectrophotometer based on a design by Haller et al. (19) , the details of which are presented elsewhere (18) . Briefly, a vertically polarized argon-ion laser (Coherent Innova, model operating at a wavelength (λ) of 488 nm was employed as a light source. Lipid samples were housed in a circulating dust-free water bath designed for refractive index matching (18) with a temperature maintained at 20 ( 0.1°C employing a Neslab model RTE-8 apparatus (Portsmouth, NH). In the present configuration, scattered laser light was detected at 12 separate scattering angles ranging from 11.5°to 162.6°. Since repositioning a photomultiplier tube introduces the possibility of optical misalignments, we avoided such experimental errors by positioning individual lenses and computer-controlled shutter systems at each scattering angle. Light from each lens was transmitted via individual optical fibers to a remote photomultiplier tube, which was in turn interfaced with a 128-channel autocorrelator (Langley-Ford, model 1096, Amherst, MA). Control of the apparatus and data acquisition and analysis were performed on-line employing a Digital MicroVax II computer (Digital Equipment, Maynard, MA).
Data Analysis: Quasielastic Light Scattering. Particle diffusion coefficients D were measured at each scattering angle by analyzing intensity autocorrelation functions according to the method of cumulants (28) . The mean diffusion coefficient of the micellar solution was calculated from a plot of mean diffusion coefficient versus scattering angle (18) . (R h ) app values were calculated according to the Stokes-Einstein relationship utilizing the viscosity of the solvent.
Static Light Scattering. Static light scattering employed the same configuration of the light scattering apparatus as above to measure mean apparent molecular weight (M app ) and radius of gyration (R g ) app of the mixed micelles. From mean scattered light intensity I(θ) measured at each scattering angle θ, Rayleigh ratios [R(θ)] were determined by normalizing I(θ) values to light scattered by benzene and toluene standards (18) . The individual (R g ) app and M app values of the mixed micelles were calculated according to the formula (29) where q(θ) ) (4πn/λ) sin (θ/2) represents the magnitude (nanometers -1 ) of the scattering vector, n is the refractive index of the solution, C is the micellar lipid concentration (equal to the total lipid concentration minus the intermicellar concentration of the monomer in mass/volume), 4 and K ) . By linear least-squares analysis, M app was determined from the intercept R(0) -1 , and (R g ) app values were calculated from the slope of the line. To determine dn/dC, refractive index (n) values were measured with an Abbé-type refractometer (Bausch and Lomb, model Abbé-3L). The lipid samples of known concentrations were prepared by serial dilutions of concentrated micellar solutions (10 g/dL) with buffer (see Experimental Design). Because n values varied linearly as functions of C (data not shown), dn/dC was calculated from the slope of each line fitted by linear least-squares analysis.
Experimental Design. Concentrated (5 or 10 g/dL) mixed micellar solutions were prepared from EYPC and either cholate (EYPC/cholate molar ratios ) 0-1.2), taurochenodeoxycholate (EYPC/taurochenodeoxycholate molar ratio ) 0.6), or octyl glucoside (EYPC/octyl glucoside molar ratio ) 0.13). Following collection of each data set, the micellar solutions were diluted with buffer at constant pH to a desired total lipid concentration and then another laser light scattering data set was collected and analyzed. To confirm the internal consistency of dilution, a series of total lipid concentrations for each detergent-EYPC mixture, were prepared by direct dilution from stock solutions to the desired concentration. All original and diluent compositions were designed to fall within micellar zones of their respective detergent-EYPCwater phase diagrams (30, 32) . Precise dilution within the micellar phases was confirmed experimentally when serial or direct dilution to a desired total lipid concentration yielded identical (R h ) app values that did not display any appreciable time dependence (33) .
RESULTS

Laser Light Scattering Analysis of EYPC-Detergent
Micellar Solutions. Figure 1 shows representative data from dynamic (A) and static (B) light scattering experiments (EYPC/cholate molar ratio ) 1.2 in mixed micellar solutions at 20°C in 0.15 M NaCl). In Figure 1A , diffusion coefficient D represents the slope of the line for each mixed micellar concentration. The linearity of Dq(θ) 2 indicates that D values do not vary as functions of scattering angle. In contrast, Figure 1B illustrates the substantial angular dependence of scattered light intensity when plotted as [R sample (θ)/R water (θ)] -1 , wherein Rayleigh ratio of mixed micelles, R sample (θ), is normalized by the Rayleigh ratio of water, R water (θ). The linear dependence of [R sample (θ)/ R water (θ)] -1 upon q(θ) 2 validates the use of eq 1 for the determination of M app and (R g ) app .
Figure 2A plots (R h ) app values (nanometers) over a total lipid concentration range of 1.8-10.0 g/dL for the EYPC/ cholate mixed micellar system depicted in Figure 1 . As total lipid concentration was decreased, (R h ) app values increased curvilinearly from 4 nm to approximately 16 nm. Similar apparent micellar growth patterns were observed upon dilution for all EYPC-bile salt mixtures containing cholate, and taurochenodeoxycholate, when EYPC/bile salt molar ratios were 0.6-1.2 or in the case of octyl glucoside when 4 To calculate micellar lipid concentrations, we subtracted the intermicellar concentrations of cholate and octyl glucoside, which were approximated by their critical micellar concentrations. Estimates of these values for cholate are 0.3 g/dL (7 mM) in 0.15 M NaCl and 0.2 g/dL (5 mM) in 0.4 M NaCl (24), respectively, and for octyl glucoside is 0.5 g/dL (20 mM) in 0.15 M NaCl (30) . Because the relative composition of EYPC/taurochenodeoxycholate systems in 0.15 M NaCl plotted close to the phase limit at a total lipid concentration of 0.1 g/dL () 0.6 mM), but within the micellar phase of this system (see Table 1 ), we ignored the intermicellar concentration of taurochenodeoxycholate in the micellar lipid calculation since it is likely to be appreciably smaller than 0.6 mM (24) . A slight mismatch between intermicellar and critical micellar concentrations for mixed bile salt-EYPC micelles (31) may introduce a small systematic error in the magnitudes of M and R g but does not change the overall conclusions of the work.
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the EYPC/detergent ratio was 0.13 (data not displayed). As was anticipated (7), when stock solutions contained considerably higher relative micellar concentrations of cholate (EYPC/cholate e 0.5), dilution over the same range of total lipid concentrations did not induce any micellar growth from (R h ) app < 4 nm (data not displayed). Following experimental determination of dn/dC for systems displaying strong micellar growth upon dilution (listed in Table 1 ), we determined M app and (R g ) app according to eq 1 (see Figure 1B) . Panels B and C of Figure 2 show the divergences of M app and (R g ) app values, respectively, plotted as functions of total lipid concentration for the same concentration range of micellar cholate-EYPC solutions (conditions as in Figure 2A ). Figure 2B shows that, with dilution, M app values increase curvilinearly approximately 20-fold as total lipid concentration decreases from 10 to 1.8 g/dL. Figure 2C depicts that (R g ) app values increase 4-fold over the same range of total lipid concentrations, but with considerably more scatter (e.g., square bracketed) compared with Figure 2A ,B. Similar increases in M app and (R g ) app values were observed for all other EYPC-rich micellar systems as functions of decreases in total lipid concentration but not for cholate-EYPC systems when the initial EYPC/ cholate molar ratios were e0.5 (data not shown). Figure 3A plots the scaling ratio, (R h ) app /M app 1/2 , derived from values plotted in Figure 2A ,B as functions of total lipid concentration. Although with decreases in total lipid concentrations, both (R h ) app and M app values increased 4-and 20-fold, respectively, while (R h ) app /M app 1/2 ratios remained constant with a mean value ((SD) of 0.0179 ( 0.0013 nm/ (gm/mol) 1/2 . Mean (R h ) app /M app 1/2 × 10 2 values for each EYPC-rich mixed micellar system are listed in Table 1 . These values were internally consistent and comparable in magnitude despite marked variations in molecular species, total lipid concentration, and NaCl concentrations. Figure 3B displays the scaling ratios (R g ) app /(R h ) app calculated from data plotted in Figure 2A ,C as functions of total lipid concentration in the case of the EYPC/cholate system with a molar ratio of 1.2. These values show considerably more data dispersion. Points falling within the bracketed region represented points calculated using (R g ) app values that fell below the reliable detection limit (10 nm) of the light scattering apparatus in Figure 2C . Excluding these data, the other (R g ) app /(R h ) app values average 1.51 ( 0.35.
Deduction of Micellar Shape. The constancy of (R h ) app / M app 1/2 values ( Figure 3A , Table 1 ) if taken alone would be consistent with at least three plausible physical packing arrangements of the amphiphilic molecules (see Appendix A): (1) a dilute solution of disklike micelles as postulated previously (7), (2) Figure 1A , whereas M app and (R g ) app were determined by static light scattering ( Figure 1B) . Values of (R h ) app , M app , and (R g ) app each diverge with decreasing total lipid concentration. Brackets denote that values of (R g ) app < 10 nm could not be determined with a high degree of certainty (18) . assumed disk would be close to 1 nm. This analysis takes into account the effect of excluded volume interactions between hypothetical disks, insofar as they may affect the second virial coefficient contributing to M app . Therefore, a dilute solution of disklike micelles is not consistent with the (R h ) app /M app 1/2 values (Table 1) since the bimolecular thickness of liquid crystalline EYPC in water is at least 4 nm (34) . Similarly as listed in Table 1 , the (R g ) app /(R h ) app ratios ( Figure 3B ) cluster in the vicinity of 1.5-1.7 for all compositions and not 1.1 as would be expected for disks (see Appendix A and references therein).
We examined next the hypothesis that EYPC-rich mixed micelles form locally cylindrical wormlike coils. This analysis is detailed in Appendix A (and references therein) and considers whether the model applies if the micelles formed either dilute (noninteracting) or semidilute (interacting) solutions of wormlike coils. In Appendix A, we show first that a noninteracting solution of such micelles, with reasonable diameter of d ) 4 nm (34) and persistence length 5 of p ) 17 nm, would be compatible with the observed values of (R h ) app /M app 1/2 and (R g ) app /(R h ) app . We then examine the effects of intermicellar interactions under two different conditions: near-dilute solutions in which individual wormlike micelles interact in a crowded environment (14) and semidilute solutions in which wormlike micelles become entangled with each other (35) (36) (37) . For near-dilute solutions (see Near-Dilute Solution Analysis in Appendix A and Table  2 ), the effects of excluded-volume interactions between micelles are assessed by incorporating the second virial coefficient. We show that for two of the systems studied, EYPC/TCDC ) 0.6 and EYPC/C ) 1.0 (both in 0.15 M NaCl), a wormlike coil model of d ) 4 nm and p ) 17 nm remains consistent with our light scattering measurements because the correction introduced using the virial coefficient is sufficiently small that values of M are accurately represented by measurements of M app . This is not the case for the remaining systems listed in Table 1 In Table 3 , we show for the EYPC/cholate ) 1.2 system and an assumed ratio of p /d ) 4 that extensive micellar growth (increasing M) is required upon dilution to produce the observed values of M app . Upon dilution near the micellar phase limit, these mixed micelles grow and become increasingly entangled to form a semidilute solution. Consistent with this reasoning, the inferred (R g ) app /d and (R h ) app /d (Table  3 ) are in excellent agreement with experiment at high dilution.
In Table 4 , we show the results of an analysis of the EYPC/cholate ) 1.2 system with an assumed value p /d ) 8 instead of p /d ) 4. In this case, extremely long micelles at high detergent concentrations could be quite compatible with the relatively small values observed for (R g ) app /d and (R h ) app /d. In this case, a considerable portion of the apparent micellar growth with dilution would be due to disentangle- 5 The micellar shape most consistent with our light scattering data is a locally cylindrical wormlike coil. As depicted in Figure 6 , the wormlike micelle is characterized by diameter, d, persistence length between turns, p, and an overall contour length, CL. ment of long micelles, even though Table 4 does show that individual micelles would still be expected to grow themselves upon dilution. Although theoretically possible, ancillary information argues against the presence of long, entangled mixed micelles at high lipid concentrations (see below).
We note that there are caveats of potential importance with respect to the application of polymer solution properties directly to the micellar systems as we have just described. First, in addition to the micellar size and interactions considered here, changes in the micellar size distribution with concentration and composition can contribute (38) to the magnitude of the light scattering fluctuations (39, 40) . Evaluation of this contribution awaits a self-consistent thermodynamic treatment of these mixed micellar systems that incorporates intermicellar interactions. Second, because of the changing micellar size distribution, we have no straightforward means of determining solvent quality, as could be done for polymer solutions by evaluating virial coefficients. We have chosen to use polymer solution results corresponding to a good solvent regime (41) (42) (43) , keeping in mind that the headgroups of all except one (octyl glucoside) of the detergents we have used are charged, and that isotropic liquid-isotropic liquid phase separations have not been reported for these systems. Third, because of the delicate noncovalent attractions that join amphiphiles into micelles, entanglements of wormlike micelles may display very different kinetic interactions from those of covalently linked polymers. These could in turn affect the diffusivities of the light scattering fluctuations that we have measured. Evaluation of each of these considerations will require additional experimental and theoretical work.
DISCUSSION
The results of this work suggest that mixed micelles composed of EYPC and two detergents of distinct molecular structure (i.e., anionic bile salts with rigid steroid backbones and nonionic octyl glucoside with a highly flexible acyl chain) may take the form of elongated locally cylindrical but flexible micelles near the micellar phase limit of the systems. This finding challenges the proposal in our earlier mixed disk model (7), which was based on the premise (8, 9) that bile salt molecules would most efficiently solubilize PC molecules by coating the perimeters of circular PC bilayer disks. We will first reconsider the earlier laser light scattering data and proposals of Mazer et al. (7) in the context of the currently suggested wormlike structure for detergent-EYPC mixed micelles. On the basis of the ternary detergent-EYPC-water phase diagram, (32, 44, 45) we will address the theoretical likelihood that a wormlike mixed micellar structure presages the appearance of an intervening hexagonal (H I ) liquid crystalline phase in the transition from mixed micelles to vesicles upon dilution (1, 6) . We will then relate these concepts to the physiology of bile formation, which in its earliest stages involves a reversal of the serial dilution Figure 4 ). As demonstrated by the inset (Figure  4 ), the theoretical dependency of I(90°)/C on R h is distinct for spheres, disks, polydisperse disks, and stiff rods (see roman numerals in figure legend). Although Mazer et al. (7) noted that none of these shapes individually provided a perfect fit to their experimental data, polydisperse disks provided the closest approximation (Figure 4 inset, curve II′). Because of an earlier suggestion in the literature that bile salt and EYPC molecules packed as disklike bilayers (8), a comparison of micellar sizes predicted by the model of Small (8) and Dervichian (9) with the R h values experimentally derived by dynamic light scattering (7) revealed that the simple disk structure was too small to account for the apparent growth. The structural and mathematical model of Mazer and colleagues (7) was based on the proposed equilibrium packing of the molecules in the lamellar liquid crystalline phase of bile salt-EYPC-H 2 O systems (34, 45) where bile salts were believed to be inserted as reverse micelles into the EYPC bilayers. In the modification of the simple model, it was assumed that PC bilayers were saturated with bile salts before being cut up to form mixed micelles by extra bile salts that formed a bilayered ribbon on the perimeter of the disks. This mixed disk structure, i.e., expanded simple disk model, predicted that in addition to bile salt molecules coating the disk's perimeter, they were also incorporated into the micellar bilayers as reverse dimers with their long axes parallel to the EYPC bilayer. Interestingly, the model accurately predicted mixed micellar growth determined by QLS as functions of increasing EYPC/bile salt ratio at constant total lipid concentration (7) as well as increasing EYPC/bile salt ratio in micelles induced by decreasing total lipid concentration (46) . In the absence of static light scattering data, which demonstrates herein that any disk model would be unrealistically thin, these two groups did not consider the option to make an I(θ)/C versus R h prediction for a flexible rod or wormlike structure (see inset, Figure 4 ). It is salutory to find, as demonstrated by the main graph in Figure 4 , that there is, in fact, excellent agreement between the original R h data of Mazer et al. (7), plotted as solid circles, and the theoretical dependency of I(θ)/C versus R h for a wormlike mixed micelle, plotted as a solid line (see details of derivation in Appendix B). Figure 5 demonstrates graphically the relationships between light scattering measurements, R g and R h , and the physical dimensions of wormlike micelles, C L and p (41, 47) . When ancillary data provide a reasonable estimate for the value of d (e.g., d ) 4 nm for detergent-PC micelles; see above), values of R g and R h may be employed to estimate corresponding values of C L and p . For detergent-PC solutions at high dilution [i.e., R g ∼ (R g ) app and R h ∼ (R h ) app ], experimental values from light scattering measurements may be applied directly. However, at higher lipid concentrations at which intermicellar interactions become important, (R g ) app and (R h ) app values must first be corrected to yield corresponding values for R g and R h as described in Appendix A.
Molecular Model for Bile Salt-Long-Chain PC Mixed Micelles. Figure 6 proposes a schematic model for a wormlike and a globular bile salt-EYPC mixed micelle (the latter represented by a bile salt-rich fragment) and highlights their essential features. This model is consistent with accumulating evidence in the literature, which argues strongly that mixed detergent-PC micelles at low PC content are locally cylindrical objects. Employing small-angle neutron scattering (SANS), which is sensitive to short-range order, Hjelm et al. (10) provided evidence that EYPC-rich mixed micelles containing glycocholate (the common aminoacyl conjugate of cholate) are elongated structures with constant radii of ∼2.7 nm, and subsequently these authors (11) used SANS to suggest that the long axes of PC molecules pack normally (i.e., perpendicular to long axes) in rodlike mixed micelles. Due to its model dependency, this radial dimension is not exactly in agreement with the 2 nm length of a typical long-chain PC experimentally determined from X-ray scattering of EYPC bilayers (34) and hexagonal (H I ) phase rods (32) . However, the model is in keeping with data demonstrating that PC molecules are freely diffusible within rods in the hexagonal (48) as well as in the cubic phase (49) of the ternary cholate-EYPC-H 2 O systems (44, 45) . Based upon these observations, Figure 6 depicts PC molecules oriented radially with their hydrophobic side chains oriented toward the center of the cylinder and their zwitterionic headgroups facing the aqueous phase. To explain HPLC measurements of mixed micellar growth that were also consistent with a locally cylindrical mixed micellar structure, Nichols and Ozarowski (12) proposed that bile salts capped the ends of the cylinders as shown in Figure 6 . Because recent surface balance studies have clearly demonstrated that dihydroxy (and by inference, trihydroxy) bile salts partition into PC monolayers with the long axis of their steroid nuclei parallel to (50) and not normal to (45) the PC-water interface, we have also introduced in Figure 6 horizontally oriented bile salts inserted into the sides of the cylinders.
The light scattering measurements and analysis in our study complement data on so-called short-range order by suggesting an overall mixed micellar structure (Figure 6 ). At high total lipid concentrations and mixed micellar bile salt contents, small spherocylindrical or globular mixed micelles are consistent with our measurements. Although we demonstrate in Appendix A that the same data could also be obtained on systems containing elongated, entangled mixed micelles, independent observations on similar systems argue against this possibility: Viscosities of concentrated (10 g/dL) bile salt-EYPC mixed micelles with compositions that plot close to the coexistence boundary (see Figure 7) do not differ substantially from water but rise dramatically near the micellar phase limit (51), consistent with growth of FIGURE 6: Schematic model of wormlike mixed micelles. The dimensions of the wormlike micelle are characterized by diameter, d, persistence length between turns, p , and an overall contour length, C L . The proposed molecular packing of PC is radial with their acyl chains oriented toward the center of the wormlike mixed micelle and zwitterionic headgroups facing outward at the aqueous interface. Consequently, the micellar diameter (4 nm) is approximately twice the molecular length of a long-chain PC. Bile salt molecules both "cap" the hydrophobic ends of the mixed micelle and are dispersed randomly on the surface of the micelles (area of detail A) with their hydrophobic surfaces interacting with acyl chains of PC and their hydrophilic surfaces and ionic side chains oriented toward the aqueous continuum. Area of detail B demonstrates the globular shape of a mixed micelle at high total lipid concentrations and high bile salt-to-PC ratios, such as would occur in native bile. This particle is quasispherical with R h ∼ 4 nm. Upon dilution, mixed micelles grow by elongating (increasing C L ) but maintaining constant diameter to form flexible wormlike structures. Dilution induces bile salts to migrate to the intermicellar water; hence the mixed micellar PC-to-bile salt ratio increases. This wormlike particle would likely occur only at high dilution, i.e., in the intrahepatic biliary tree, especially bile canaliculi, during bile formation. (See text for further details). The base axis has been replotted to show weight percent (egg yolk) PC increasing from left to right, rather than weight percent water from right to left. The portions of the phase diagram represented in the area of detail are region IV, one phase (symbol ψ) which is isotropic (micellar); next to this is a sliver of region 3, containing two phases, mixed micelles plus hexagonal phase; next to this is region a, containing three phases, aqueous plus hexagonal plus lamellar; and next to this is region 7, containing two phases, aqueous plus lamellar. The micellar phase is divided by a coexistence boundary into a region containing mixed micelles plus simple micelles and a region containing mixed micelles only. Figure 5 ) that are consistent with the Yamakawa-Fujii theory (47) . Mixed Micelle-Liquid Crystalline Phase Transition. Our proposed wormlike structure of mixed micelles near the micellar phase limit provides a possible basis for understanding the transition from mixed micelles to an intervening hexagonal (H I ) phase and then to a unilamellar vesicle (liquid crystalline) structure (6), which apparently occurs upon dilution of mixed bile salt-EYPC micellar systems (7) as reinterpreted by Cabral and Small (6) . Figure 7A displays the ternary cholate-EYPC-water phase diagram (45) and Figure 7B provides in detail the representation of the aqueous-rich (e10 g/dL total lipid concentration) fragment of the phase diagram (1, 6) that is best supported by available data (52). Compositions falling within the unshaded region of Figure 7B are micellar and correspond to zone IV of Figure 7A . The micellar zone is bisected by a dot-dashed line (shown in Figure 7A ,B), which represents the coexistence boundary between simple micelles plus mixed micelles and mixed micelles alone where a divergence in micellar size ( Figure 2 ) commences (7). Due to their differing symmetries, the isotropic phase (zone IV), the hexagonal phase (zone III), and the lamellar phase (zone I) must all be joined pairwise by at least three regions of two-phase coexistence, assuming that all single phase regions have now been identified. In turn, these two-phase regions must form the borders of at least one triangle, the vertexes of which specify the compositions of three phases coexisting in equilibrium (i.e., a triangle that joins zones I, III, and IV). A number of geometries can satisfy these constraints. One possibility is depicted in Figure 7A : The isotropic vertex of the three-phase triangle corresponds to a very dilute solution, as suggested on the basis of X-ray scattering data gathered at low total lipid concentrations (1, 6, 52) . Figure 7B shows a two-phase region (lightly shaded) in which the hexagonal phase coexists with mixed micelles is directly adjacent to the micellar zone (1, 6, 52) . Under this scenario, this twophase region would adjoin a three-phase region containing hexagonal phase, a lamellar liquid crystalline phase, and aqueous cholate monomers (zone a in Figure 7A , intermediate shading in Figure 7B ). The heavily shaded two-phase region in Figure 7B (zone 7 in Figure 7A ) would contain only a lamellar liquid crystalline phase in the metastable form of unilamellar vesicles, aqueous cholate monomers in concentrations below their critical micellar concentration (cmc, shown as a closed circle on the cholate axis in Figure  7B ), and extremely dilute PC monomers. Another less likely possibility not pictured in Figure 7 is that the isotropic vertex of the three-phase triangle is located at a higher total lipid concentration (i.e., away from the H 2 O vertex) as originally proposed by Small et al. (45) and which formed the basis of the phase equilibria data available to Mazer et al. (7) prior to their revision by Small (52). In this case, a dilution path from the mixed micellar phase could directly enter the lamellar phase without traversing a three-phase region. Additional experimental evidence will be needed to distinguish whether this possibility could be correct under certain circumstances, bearing in mind that such phase relations could occur in systems containing different molecular species of detergents, phospholipids, and experimental conditions.
In the present systems, it is also possible that the micellar size increases sufficiently so as to facilitate a transition to a partially ordered (i.e., dilute hexagonal, H I ) coexisting phase, as suggested (6) . In support of this possibility, statistical mechanical models of semiflexible spherocylinders with excluded-volume interactions show that the volume fractions of coexisting isotropic and hexagonal phases (53) (54) (55) (56) decrease strongly with increasing contour length-to-diameter or persistence length-to-diameter ratios. We note that in solutions containing particles of fixed dimensions, a transition to a partially ordered phase occurs upon increasing volume fraction. Such a transition is also consistent with what is observed for the phase equilibria system studied here (32) , where at higher lipid volume fractions there is a phase transition from zone IV (micellar) to zone III (H I ) ( Figure  7A ). In contrast, we have performed the present light scattering measurements on micellar systems where growth also occurs, but upon decreasing the overall lipid volume fraction ( Figure 7B ). Arrowed lines in Figure 7B represent the dilution paths studied in this work by QLS and static light scattering. Clearly only the detergent is present with EYPC/cholate ) 0, and as anticipated, no micellar growth occurs upon dilution, and in contrast only monomers are present below the cmc ( Figure 7B ). Dilution paths containing EYPC/cholate molar ratios of 0.33 fall almost entirely within the region of the micellar zone in which simple and mixed micelles coexist and for which we observed no micellar growth experimentally. No growth was anticipated because, as was noted earlier by Mazer et al. (7) , the proportions of mixed micelles increase relative to simple micelles, and hence no change occurs in mixed micellar composition nor in size measured by QLS. When the EYPC/ cholate molar ratio ) 0.5, which plots close to the coexistence limit ( Figure 7B ) due to the relatively high cholate concentration, we were unable to discern significant micellar growth with dilution prior to loss of the light scattering signal. In contrast, compositions containing EYPC/cholate molar ratios > 0.5 (1.0-1.2) contained only mixed micelles ( Figure  7B ), and these grew upon dilution due to loss of bile salts from the mixed micelles to maintain the intermicellar monomer concentrations (7). This dilutional loss of bile salts relative to EYPC molecules from mixed micelles at the higher EYPC contents (EYPC/cholate molar ratios of 1.0 and 1.2) markedly reduces cholate content in the mixed micelles and, as we observed, resulted in dramatic increases in R h values (Figure 2A) . Indeed, cryo-transmission electron microscopy of an cholate-EYPC-water system with a composition (EYPC/cholate ) 1.1, total lipid concentration ) 1 g/dL), (13) that plots near the micellar zone ( Figure  7B ) demonstrated rodlike objects of ∼200-300 nm in length and ∼5 nm in width.
Physiological Correlations. It is known now that longchain PCs are secreted as unilamellar vesicles into the canalicular spaces between liver cells by mechanisms independent of bile salt secretion (57). We have suggested elsewhere (20) that in the initial formation of bile from interaction of bile salt molecules with these vesicles, the first micelles that are formed in such a bile salt-PC mixture would be wormlike objects. From in vitro model studies, this occurs only when the secreted bile salt concentration attains its critical micellar concentration in the proximal biliary tree (20) . On the basis of the similar findings for octyl glucoside-EYPC mixed micelles in the present work, it is anticipated that similar wormlike mixed micelles should occur during bile formation in crustacea where mediumlength acyl chain detergents with dipeptidyl headgroups rather than steroid detergents with flexible side chains solubilize long-chain PC (2). It is important to note that we have not examined herein the influence of cholesterol incorporation on mixed micellar structure and that solubilization of biliary cholesterol may alter or even prevent formation of wormlike structures depending upon its absolute and relative concentrations.
Although our light scattering data strongly suggest that biologically relevant wormlike mixed micelles may form in the presence of detergents with quite distinct (i.e., steroid and acyl chain) molecular structures, "micellar" solubilization of long-chain PC is known to occur by other mechanisms. An important example is recombinant high-density lipoprotein particles, in which apolipoprotein AI complexes with long-chain PC (or other natural phospholipids), and apolipoprotein AI-EYPC recombinants have been shown by several experimental methods to form bilayer PC disks stabilized by apolipoprotein AI at their edges (58) . Most recently, van Antwerpen et al. (59) have employed cryoelectron microscopy to demonstrate disks of thickness of 5.1 ( 0.1 nm and diameter 18.8 ( 3.5 nm upon reconstitution of high-density lipoproteins with 1-palmitoyl,2-linoleoyl-PC, cholesterol, and apolipoprotein AI.
In summary, it appears that the solubilization of long-chain PCs in bile of both vertebrates and invertebrates most likely involves packing of PC together with steroid (or straightchain) bile salt molecules into globular rods or elongated wormlike particles depending upon the PC/detergent ratio. In contrast, the apolipoprotein-PC micelles of blood that form the basis of nascent high-density lipoprotein particles are clearly disklike in structure. It remains to be determined whether physiological advantages accrue from these dissimilar modes of packaging PC into small soluble particles in the major biological fluids.
APPENDIX A: ANALYSIS OF POSSIBLE MIXED MICELLAR SHAPES
(1) Disk. Although we are not aware of a precise expression for R h of a disk as a function of fixed overall thickness (t) and variable radius (r), R h may be estimated by considering a disk a limiting case of an oblate ellipsoid with semimajor axis r and semiminor axis t/2 (60):
For r . t, this expression simplifies to R h ) 2r/π. On the other hand, the molecular weight of the fixed thickness disk is given by M ) πr 2 tN a F, where F is the mass per unit volume of lipid within the micelle. Clearly, the ratio R h /M 1/2 is constant for a disk of a given t, and t may be expressed as Table 1 and assuming F ) 1 g/mL for mixed micelles, we calculate that t ∼ 0.7 nm. As explained in the text, this value is not consistent with a PC bilayer that forms the basis of the simple or mixed disk models for mixed bile salt-EYPC micelles (7) (8) (9) .
In solutions that are not dilute, the presence of attractive or repulsive intermicellar interactions such as those due to van der Waals forces, surface charges, or excluded volume affect the intensity of scattered light, so that M app * M. In particular, net repulsive intermicellar interactions lead to M > M app . We now consider whether such an effect could be large enough, in the current solutions, to increase the value of M appropriate for use in eq A2, so that t could be g4 nm. In this analysis, we defer consideration of intermicellar interactions on R h . For the marked growth of presumed mixed disk micelles near the phase limit, we assume electrostatic repulsions to be effectively screened, since the solvent Debye length of <1 nm is at least 10 times smaller than what the mean intermicellar (center-center) spacing would be if the micelles were disks. Accordingly, we restrict our analysis to the influence of excluded volume interactions on the intensity of scattered light. We do so at the level of the second virial coefficient A 2 , with the use of the approximation where c is the micellar concentration (w/v).
The use of eq A3 for the present case of micellar solutions may be justified as follows: For a single-component solute comprising particles of fixed size, A 2 would be the coefficient of the c 2 term in the near-dilute solution expansion of the osmotic pressure π ) RT[(c/M) + A 2 c 2 + A 3 c 3 + ...]. For our present estimate, however, we use A 2 and c in eq A3 in a hypothetical sense to describe the light scattered by micellar particles which are present at concentration c, while regarding both A 2 and M to themselves be functions of c. In doing so, we do not consider the following points, which fall beyond the scope of the current study: (i) From a thermodynamic standpoint, the present systems contain not one but two solute components. Consequently, the relationship between the intensity of the light scattered in the forward direction and chemical potential derivatives [e.g., (∂π/∂c) T,p ) RT/M app in eq A3] is more complex than that employed herein (39, 40) .
(ii) The present experimental systems contain a size distribution of micelles that varies with detergent and surfactant concentration and composition. Whereas for a solution containing just one solute amphiphile component, the intensity of the forward scattered light can still be used to deduce (∂π/∂c) T,p , the quantity (∂π/∂c) T,p here implicitly incorporates the change in micellar size distribution as a function of c. In such a case it is not clear, a priori, that eq A3 is appropriate for analysis of the light scattering data. Several groups have shown that interactions between micelles or other reversibly associating solute species can potentially influence the size distribution (61-66). (iii) Even if intermicellar interactions were to have a negligible effect on the
micellar size distribution, polydispersity is expected to contribute terms of order c 2 to eq A3 (38), which we neglect. For A 2 , we have used the expression given by Isihara and Hayashida (67, 68) for a right circular cylinder: in which V is the micellar volume and x ) a/2b, where a is the disk (i.e., cylinder) radius and b is the disk half-thickness.
Using eq A4, we can write where φ ) cV j is the volume fraction of amphiphiles in micelles (i.e., excluding the intermicellar bile salt volume fraction) and V j ) (VN a /M) is the partial specific volume of the lipids, assumed to be the same as that of the micelles. To evaluate eq A3 using eq A5 it is convenient to normalize M using a quantity defined as M c , the molecular weight of a cylinder of lipid having diameter 2b and height 2b; M c ) ( is convenient for evaluating M using the experimental values of M app . We find for each system studied that (πφ/4)(M app /M c ) 1/2 is below 0.1 and is near or below 0.05 in the region of apparent micellar growth. At or near the micellar phase limit, the term φ[(3 + π)/2] ranges up to about 0.05, although for the higher concentrations studied it can be as high as 0.3. Therefore, under the hypotheses that (i) the micelles are disklike, and (ii) eq A3 can be applied, consideration of excluded volume interactions would not significantly increase the values of M from those we infer by using M ≈ M app .
From eq A2 and using M/M app ) 1.2 (which exceeds the largest value calculated from eq A7 near the dilution limit), we may conclude that R h would have to be smaller than (R h ) app by a factor of 2.2 in order to be consistent with circular disks having a thickness of at least 4 nm. Such a large effect would be implausible on the basis of the following considerations: An estimate of the collective diffusion coefficient D c (φ) of a colloidal or polymer suspension can be made using
where (∂π/∂φ) 0 is the limiting value of (∂π/∂φ) as φ approaches 0 and η(φ) is the viscosity of the suspension (69, 70) . Evaluation of (∂π/∂φ) to linear order in φ using eqs A3 and A5 and η(φ) for a suspension of disks according to Boek et al. (71) 
In summary, the estimates given above suggest that neither M app nor (R h ) app would be significantly affected by excluded volume intermicellar interactions between disklike micelles. In turn this supports our initial conclusion, i.e., that the apparent disk thickness t ) 2b, as calculated from (R h ) app / M app 1/2 ) 0.018 nm/(g/mol) 1/2 , is too small to be consistent with disklike micelles. Additional evidence derives from the observation that the experimental values of the (R g ) app / (R h ) app ratio are not compatible with those to be expected for a disk. To determine R g /R h ratios for a disk, we derive R g according to the definition R g 2 ) ∫r 2 dM/∫dM (29) . For a flat disk of circular cross-section having radius r and uniform thickness t, this gives which simplifies to R g ) r/ 2 for a disk with r . t. By combining the simplified forms of eqs A1 and A8, we obtain R g /R h ) (π/2) 2 ) 1.11. In contrast, the experimentally determined values of (R g ) app /(R h ) app were near or above 1.5 (Table 1) and are not consistent with (R g ) app /(R h ) app ) 1.1 (neglecting weighting for micellar dispersity). In this analysis, we note that the above considerations did not address the influence of polydispersity or intermicellar interactions on R g and R h .
(2) Wormlike Coil. For illustrative purposes, a random macromolecular wormlike coil (72) can be represented as a large number (N) of small spherical segments connected by their centers and oriented randomly. If interactions between nonadjacent spheres are neglected, the R h of such a coil is proportional to N 1/2 (73) . Since the molecular weight M is proportional to N, the ratio R h /M 1/2 is constant despite growth in the coil by increasing N. Nevertheless, the numerical value of the R h /M 1/2 ratio will be quite different for a random coil with cross-sectional diameter g 4 nm than it would be for a disk of thickness g 4 nm. Our experimental finding that R h /M 1/2 is approximately constant (Table 1 ) and has a value that is not consistent with disklike micelles suggested, as was discussed in abstracts of the present work (18, 20) , that the micelles may take the form of random coils. Concurrent and subsequent work utilizing neutron scattering (10, 11, (74) (75) (76) , electron microscopy (3, 13), gel chromatography (12) , and light scattering (14, (74) (75) (76) provide strong evidence that locally cylindrical but flexible micelles are present in solutions similar to those studied here.
A quantitative comparison of this hypothesis with the present light scattering data, however, is significantly complicated by the presence of intermicellar interactions. Should the proposed wormlike micelles interact so as to become entangled, they may cross over to become a "semidilute" solution in which M app , (R g ) app , and (R h ) app would no longer represent single particle characteristics but would instead reflect the osmotic compressibility ∂π/∂c ) RT/M app , the static correlation range S ) (R g ) app / 3 and the hydrodynamic correlation range H ) kT/(6πηD app ) ) (R h ) app . Indeed, the well-documented characteristics of solutions of flexible polymers, when they cross over from independent linear polymers to form semidilute solutions, exhibit qualitative features similar to those shown by the present data. First, ∂π/∂c shows a marked increase (i.e., M app decreases) for
concentrations c approaching and exceeding an overlap concentration c*, while both S and H decrease concomitantly. Second, for c > c*, the quantity ( S 2 /RT)(∂π/∂c) is independent of c and polymer size under a variety of conditions (42) . As noted above, the quantity ( H 2 )(∂π/∂c) is also expected to be only a weak function of concentration in polymer solutions. Since ( S 2 /RT)(∂π/∂c) ) 1 / 3 (R g ) app 2 / (M app ), and we find (R h ) app 2 /(M app ) and (R g ) app /(R h ) app to be approximately constant, these expectations indeed correspond to our findings. For the present, two-solute-component micellar system, it should be noted that since the micelles appear to become larger upon dilution, it is not clear at the outset whether c/c* will be found to increase or decrease with dilution. This is because the effective value of c* can itself decrease with dilution due to increasing micellar size. We also note that over the past two decades, a number of other micellar solutions have also been found to exhibit the properties of dilute and semidilute solutions of linear polymers (65, (77) (78) (79) (80) (81) .
We therefore consider our data in terms of three alternative possibilities for locally cylindrical micelles that neglect polydispersity: (1) dilute solutions of noninteracting micelles, (2) near-dilute solutions in which use of the second virial coefficient is sufficient to estimate M from M app , as analyzed by Egelhaaf and Schurtenberger (14) , and (3) semidilute solutions of entangled micelles. We point out that analysis of alternative (3) is similar to the analysis of semidilute solutions of giant, polymer-like reverse micelles by Schurtenberger and Cavaco (35-37) and by Jerke et al. (82) . Whereas their analysis assumes a power-law dependence of micellar size upon concentration, our analysis differs because we have not assumed specific concentration dependence.
(1) Dilute Solution Analysis. We begin by showing that the ratio of R g to R h to be expected for noninteracting random coils is near 1.5, close to the observed values (Table 1) in the region of rapidly growing micellar sizes. This can be outlined as follows: the dimensions of a wormlike coil are characterized by radius r, persistence length p , and contour length C L . In these terms, M ) πr 2 FC L N a . In the limit where C L . p (i.e., a tightly coiled "worm"), the Yamakawa and Fujii theory (41, 47) relates R h to C L and p according to so that
The radius of gyration of a wormlike coil is given by (41) Combining equations A9 and A11 yields R g /R h ) 8/(3π 1/2 ) ) 1.5.
Equation A10 shows that for noninteracting random coils, the experimental values of (R h /M 1/2 ) 2 are directly proportional to p , provided that C L . p . Using the experimental value R h /M 1/2 ) 0.018 nm/(g/mol) 1/2 , F ) 1 g/cm 3 , and r ) 2 nm, we obtain the estimate p ) 17 nm. Such a value is consistent with observations for other polymerlike micelles, including those deduced by Egelhaaf and Schurtenberger (14) for bile salt-EYPC systems. As noted above, such an analysis neglects corrections to M app and (R h ) app , which arise from intermicellar interactions and from polydispersity. Moreover, eqs A9 and A10 both need considerable correction when C L is comparable to p and neglect the influence of excluded volume and other intermolecular interactions on the size of the coil. Nevertheless, this estimate does suggest that the present micelles may take the form of random wormlike coils.
( (14), we neglect the influence of intermicellar interactions on R h and R g , but we again use eq A3 to evaluate the influence of excluded volume interactions on M/M app . We first consider the case of straight rods (i.e., spherocylinders with long persistence length compared to the rod length) and then flexible, locally cylindrical micelles. Substitution of eq A12 into eq A3 gives, neglecting third and higher-order virial coefficients
From eq A8 applied for constant r and varying t, one obtains for a rod For R h of a cylinder, we use (83, 84) . It is noteworthy that R h /d from eq A15 can also be written in terms of (M/ M c ) ) t/d.
We have examined each of our experimental systems using eqs A13-A15. At the higher lipid concentrations assayed (volume fractions 5-10%), the predicted R g and R h are, in general, smaller than the observed values (R g ) app and (R h ) app . Near the micellar phase limit, however, this comparison is sensitive to d, the assumed micellar diameter. For the TCDC-EYPC system, we find straight rods having diameter d ) 4 nm, with the associated M c ) 3.03 × 10 4 g/mol, yield reasonable agreement between predicted and measured R g and R h values. This suggests that this system, which
demonstrated the lowest micellar phase limit of those examined (Table 1) , may indeed contain rodlike micelles. For each of the other four systems, reasonable values of d can be found that bring predicted and apparent R g and R h into agreement for one or two of the measured concentrations, but not for the others. Thus the dilution dependence of (R g ) app and (R h ) app does not seem to match that calculated in the above manner for rods. The above-described calculations for rods did not consider the influence of intermicellar and hydrodynamic interactions on R g and R h . For the TCDC-EYPC system, we expect such corrections to be small, since M/M app ranges up to only 1.12. For the other systems, however, M/M app calculated from eq A13 is quite large near the micellar phase limit, ranging from 1.4 for the EYPC/C ) 1.0, 0.15 M NaCl system to 3.1 for the EYPC/C ) 1.2, 0.15 M NaCl system. Given these large M/M app values, one cannot reject the straight rod hypothesis for the latter systems without significant further analysis. Nevertheless, given recent light scattering and neutron scattering data consistent with flexible rodlike micelles (10, 11, 14, 76) , we have focused our examination on the influence of such interactions on the flexible coil hypothesis.
(
b) Examination of the First-Order Effect of Intermicellar Interactions on the Coil Hypothesis.
We first examine the second virial coefficient A 2 appropriate for flexible coils, by using (41) where ψ is defined as the interpenetration function. ψ has been calculated to approach the value ψ* ) 0.27 (43, 85) for p /C L , 1 in a good solvent (42) . As before, we substitute the expression for A 2 in eq A16 into eq A3 to obtain where V micelle denotes the volume of an individual micelle, and we have neglected polydispersity. When we define M c ) (πd 3 /4V j)N a as a convenient reference molecular weight, use V micelles ) (πd Consulting the definition of y and eq A7, we note that the functional dependencies of M/M c on M app /M c are quite similar in the disk and the flexible coil cases. However, the deviation of M from M app is much larger under the flexible coil hypothesis, as can be seen by substituting typical values of M app /M c ) 25 and φ ) 0.01 found for three of the five systems we studied (EYPC/C ) 1.0, 0.4 M NaCl; EYPC/C ) 1.2, 0.15 M NaCl; and OG) near the micellar phase limit, and using our previous estimate p ) 17 nm together with d ) 4 nm, we find y ≈ 1 and M/M app ≈ 2. In the two other systems, the quantity y appearing in eq A21 is small compared with 1 (EYPC/C ) 1.0, 0.15 M NaCl) or very small (<0.1) (EYPC/TCDC ) 0.6, 0.15 M NaCl). In the latter case, the micellar dilution limit occurs below φ ) 0.0012, a factor of ∼10 lower than for the other systems. For these two detergent-EYPC systems, therefore, consideration of intercoil excluded volume interactions does not significantly alter the inferred value of M, and presuming that R h also does not change significantly, the light scattering data remain consistent with wormlike coils. In contrast, y is close to 1 for the other three systems, suggesting higher order terms cannot be neglected in eq A17. We therefore consider the semidilute solution case.
(3) Semidilute Solution Analysis. To address this possibility, following the work of Schurtenberger and coworkers, we use evidence based upon theoretical and experimental studies of light scattering from semidilute solutions of linear, flexible polymers of known molecular weight (35) (36) (37) (86) (87) (88) (89) (90) (91) (92) (93) (94) . In particular, we shall compare our data to the work of Ohta, Oono, and co-workers, who express the degree of overlap or entanglement of such polymers in terms of the quantity X ) 16 / 9 A 2 cM, where we have neglected the polydispersity, which they include. We use eq A16 for A 2 to obtain Again, our strategy is to obtain a suitable relationship between M/M c and M app /M c . Ohta and Oono (87) have developed a theoretical expression for the osmotic pressure π of semidilute polymer solutions in terms of X using renormalization group techniques. The osmotic compressibility (∂π/∂c) T corresponding to their expression for π is given by (86, 94) where we use the identity (1/N A K B T)(∂π/∂c) T ) (1/M app ), and in which we neglect polydispersity. Equation A23 has been found to give an accurate representation of the intensity of scattered light [proportional to (∂π/∂c) -1 ] over a broad range of dilute and semidilute concentrations of solutions of linear polymers (86, 95) .
Evaluation of eq A23 requires determination of X in eq A22. For micellar systems, however, neither M, R g , nor A 2 can be obtained directly from the light scattering data in semidilute solutions. Nevertheless, one can proceed as follows: The dilute solution value of R g for semiflexible coils, appropriate for evaluation of X, can be written in terms of the contour length C L , the persistence length p , and the diameter d (41, 77, 81, 96) :
Note that the first term on the right side of eq A25 is the expression used above to obtain eq A19. By using eqs A22, A23, and A25, we have where δ ≡ 256 / 9 π 1/2 ψ ) 13.6 for ψ ) ψ* ) 0.27. In so doing we neglect considerations of the radius of gyration expansion due to intercoil interactions, together with the corresponding effect on ψ (41, 43) , and we neglect the contour and persistence length dependence of ψ for short polymer coils (97) (98) (99) .
Equation A26 is the key expression we have used for analysis of our light scattering data. For each value of p /d and φ, eq A26 provides an analytic, albeit cumbersome, relationship between M/M c and M app /M c . For an assumed value of p /d, in combination with an estimate or ancillary measurement of d, and the corresponding M c (d), eq A26 can be used to infer values of M that would be consistent with measured values of M app (φ) in semidilute solution. We then calculate the dilute solution value R g°e xpected for R g using eq A25, and similarly, the dilute solution value R h°, using the Yamakawa and Fujii theory (47) .
Having so obtained M/M c and R g°/ d consistent with the assumed p /d, we can further calculate the degree of overlap X using eq A22. Using this value of X together with experimental and theoretical results for H / H°a nd S /R g°v s X from the literature, we can further estimate the quantities (R g ) app /R g°a nd (R h ) app /R h°t hat would be expected at the given degree of overlap. These then permit comparison between predicted and measured values of (R g ) app and (R h ) app . Here it is important to note that, in semidilute solutions, the measured angular dependence of the intensity of the scattered light is no longer a direct measure of R g but rather provides a measure of the static correlation range s ; (R g ) app ) s 3.
We now outline the results of an analysis of eq A26. First, we find in the coil limit C L . p that X ) (δ/3 3/2 )(M/M c ) 1 Table 2 shows selected values of X o , Θ(X o ), and X app,o and demonstrates that as X app,o approaches 1, the degree of overlap estimated from the measured M app may be substantially less than the actual degree of overlap X o . For example, X app,o ) 1.0 corresponds to a solution in which the actual molecular weight M is already four times as large as the apparent molecular weight, M app . This suggests that caution is needed when attempting to use M app to help judge whether a micellar solution that is thought to be polymerlike is in a dilute or semidilute state.
We now illustrate the results using the full form of eq A26, not in the flexible coil limit, for two choices of p /d: (1) p /d ) 4, which corresponds to a value of p near the value 17 nm that we estimated above, and (2) (14) and Pederson et al. (76) on bile salt-PC micellar systems. For these comparisons, we also chose ψ ) ψ* corresponding to a good solvent regime (41) (42) (43) . We note that independent confirmation of this choice of ψ will require additional experimental and theoretical work.
For each value of M app /M c and φ, eq A26 yields a corresponding value of M/M c . These values are shown in Table 3 together with the consequent R g°/ d calculated by using eq A25 and R h°/ d calculated by using the Yamakawa and Fujii theory (47) for wormlike coils as plotted in Figure  5 ; note that C L /d ( Figure 5) ) M/M c . We see from Table 3 that, under these assumptions, M/M c would grow much more dramatically with dilution than M, since the solutions would be inferred to exhibit an increasing degree of overlap X upon dilution (see Table 3 Table 3 , together with our measured values. At the highest concentrations, the dashes for the measurement of (R g ) app /d indicate that the measurement had a very large standard error; these angular dependences of the scattered light were near or below the detection limit. At the low concentrations near the micellar dilution limit, the predicted and measured values of (R g ) app /d and (R h ) app /d are in very good agreement. At the higher concentrations, however, the predicted values of (R h ) app /d are somewhat below the measured values. Indeed, such a possibility could provide the basis for a model exploring the close proximity of a hexagonal (H I ) phase to the isotropic micellar solution at high volume fractions (see Figure 7 ). In accordance with the possibility that M/M c is very large compared to 1 at the higher volume fractions φ studied, if the micelles have a sufficiently long persistence length, we have explored a set of such large, hypothetical molecular weights and proceeded to compare the values of (R g ) app and (R h ) app that would be predicted in such a case with our experimental values, using the same procedure described above for Table 3 . The results of one such calculation are shown in Table 4 , for the same system analyzed in Table 3 (EYPC/C ) 1.2, 0.15 M NaCl). Table 4 illustrates that reasonable values of p and d′ can be found for which large micelles at high concentrations could be consistent with experimental values observed for (R g ) app and (R h ) app . Table 4 shows reasonable agreement between the predicted and experimental (R g ) app /d′ and (R h ) app / d′ values. Here it should be noted that the present analysis does not consider the possibility that the conversion between R h°a nd (R h ) app may depend on solvent quality in a manner that is not accounted for solely through the quantity X. Also, Table 4 illustrates inferred values of X somewhat beyond those for which the theory of Ohta and Oono (94) may be expected to apply accurately. Nevertheless, it is possible that very large micelles may occur at the higher volume fractions assayed as well as near the dilution limit. It should also be noted that for the small M/M c values appearing in Table 3 , one has C L ∼ p and therefore eq A19 should not apply without alteration. In such cases, we have verified our results with use of the straight rod second-virial approximation embodied in eq A13. An alternative approach would be to adjust the value of ψ for small C L / p .
In summary, we have demonstrated in this appendix that disklike micelles are not likely to be compatible with our data and that reasonable agreement can be obtained between the quantities M app , (R h ) app , and (R g ) app predicted for wormlike coils and measured experimentally in the case of the EYPC/C ) 1.2, 0.15 M NaCl micellar system. However, the same analysis shows that such micelles could be highly entangled as represented by an overlap parameter X . 1. Further, as shown by comparing Tables 3 and 4 , considerable variations in micellar size and degree of overlap could yield reasonable agreement with the light scattering experiments.
APPENDIX B: THEORETICAL DEPENDENCY OF I(Θ)/C ON R H FOR A WORMLIKE MIXED MICELLE
For monodisperse, noninteracting mixed micelles, I(θ)/C may be expressed (7) as where A is a normalization constant and the scattering form factor P ) [1 + 1 / 3 R g 2 q(θ) 2 ] -1 (25) . It is convenient to choose a value of A that normalizes values of I(θ)/C to unity at an arbitrarily chosen value of R h ) R. This is accomplished by combining eqs A9 and A11 with the expression M ) πr 2 FC L N a (Appendix A) to yield where ) 64q(θ) 2 /27π. Substituting this value of A into eq B1 yields This theoretical dependency of I(θ)/C on R h for a wormlike mixed micelle is plotted in Figure 4 (solid line) based on the choice of Mazer et al. (7) of R ) 5 nm and θ ) 90°. For simplicity here, we have only fit the theory of Yamakawa and Fujii (41, 47) to the data of Mazer et al. (7) in the limit C L . p . However, we have shown elsewhere (18) that the full theory of Yamakawa and Fujii (41, 47) can be fitted to the data of Mazer et al. (7), assuming d ) 5 nm and p ) 15 nm. 
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